
International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper
Cite this article: Sharma GS, Gupta A (2024)
Mutual coupling reduction of two-port
dielectric resonator MIMO antenna using
defected ground structure. International
Journal of Microwave and Wireless
Technologies 16(6), 1056–1070. https://doi.
org/10.1017/S1759078724000862

Received: 11 August 2023
Revised: 14 August 2024
Accepted: 18 August 2024

Keywords:
Dielectric resonator; diversity;
defective ground structure; mutual coupling;
MIMO; WLAN; WiMAX

Corresponding author: Anshul Gupta;
Email: agupta.etc@nitrr.ac.in

© The Author(s), 2024. Published by
Cambridge University Press in association
with The European Microwave Association.
This is an Open Access article, distributed
under the terms of the Creative Commons
Attribution licence (http://creativecommons.
org/licenses/by/4.0), which permits
unrestricted re-use, distribution and
reproduction, provided the original article is
properly cited.

Mutual coupling reduction of two-port
dielectric resonator MIMO antenna using
defected ground structure

Gouri Shankar Sharma and Anshul Gupta

Department of Electronics & Communication Engineering, NIT, Raipur, India

Abstract
This article focuses on reducing mutual coupling between the ports of dielectric resonator
antenna (DRA) using defected ground structures (DGSs). The antenna has the dimen-
sion of 50 mm × 50 mm × 8.5 mm. The resonating element in the proposed two-port
radiator consists of a cylindrical structure of alumina ceramic (εr = 9.8). The rectangular-
shaped aperture is utilized to excite both of the resonating elements. The resonating ceramic
elements acting as radiators are offset-fed to enhance the antenna’s coupling. Combining
interdigital-shaped and semicircular arc-shaped DGSs improves isolation between two res-
onating elements, embodying the structural novelty. The measured operating frequency range
of Port-1 and Port-2 is 5.19–6.7 and 5.15–6.68 GHz, resonating at 5.58 and 5.56 GHz,
respectively. The measured mutual coupling between the two ports is −35.5 dB. The mea-
sured gain for Port-1 is depicted to be 5.5 dB. The presented multiple-input–multiple-output
(MIMO) radiator in this article is an appropriate candidate forWLAN (5.25–5.35, 5.47–5.725,
5.725–5.85, 5.850–5.925 GHz) and WiMAX (5.5 GHz) applications. All the simulated and
experimentally observedMIMOparameters of the radiator are discovered to bewithin optimal
bounds.

Introduction

Multiple-input–multiple-output (MIMO) antenna technology is a vital element in modern
wireless communication systems. It enables the concurrent transmission and reception of mul-
tiple data streams, leading to increased system capacity, improved spectrum efficiency, and
enhanced data throughput. MIMO systems harness the spatial diversity of the wireless channel
by utilizingmultiple antennas, unlike traditional single-input, single-output systems that rely on
a single antenna at each end [1–4]. The utilization of dielectric resonator (DR)-based MIMO
antennas offers negligible conduction losses, wider bandwidth, and high radiation efficiency
compared to metallic MIMO antennas. Designing MIMO antennas requires careful consider-
ation of strategies to reduce mutual coupling or improve isolation. Due to mutual coupling,
which takes place when antennas are placed close to one another, and one transmits a signal
that interferes with another antenna’s reception of a signal, MIMO systems use several anten-
nas. Because of this, the system’s performance may suffer, leading to higher bit error rates or
lower data rates [5].

A vast number of articles on port-to-port mutual coupling reduction (isolation improve-
ment) are available in the literature [6–29], which includes utilization of electromagnetic
bandgap structure, neutralization lines, parasitic elements, metamaterial, metasurfaces, fre-
quency selective surface, antenna spacing between radiating elements, defected ground struc-
ture (DGS), generation of orthogonal modes, metal strip printed on dielectric resonator (DR),
and positioning of split-ring resonator (SRR) printed substrate between radiators.The isolation
improvement techniques reported in Refs [6–19] have complex design procedures, while the
method reported in Ref. [20] is the easiest but leads to more oversized/bulky antenna designs.
The technique illustrated in Refs [21, 22] has a more effortless fabrication procedure due to
its planar structure. The isolation enhancement technique used for MIMO antenna design, as
reported in Ref. [23] by Jamal et al. in 2014, is the generation of orthogonal modes. It involved
a dual-port rectangular DRA fed orthogonally with the aid of two symmetrical feed lines for
isolation enhancement. It provided an isolation of −18 dB at a resonant frequency of 1.8 GHz.
However, this antenna suffered from low bandwidth, low isolation, and fabrication complexity,
highlighting the need for advanced techniques and solutions in MIMO antenna design. Das
et al. examined a cylindrical DRA-basedMIMO antenna in 2017.TheMIMO radiator achieved
isolation of −32 dB through the generation of orthogonal modes in the cylindrical DRA,
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Figure 1. Structure of the proposed two-port radiator: (a) 3D
view, (b) Top view.

employing dual-feeding strategies: slot coupling (Port-1) and
coplanar waveguide (Port-2) approaches. However, the fractional
bandwidth was limited to 11.5% (4.9–5.5 GHz) [24]. An orthog-
onal fed MIMO DRA with two ports was presented in Ref.
[25] in 2017 and was excited by utilizing the dual feeding
method. The feeding elements were positioned to generate an
orthogonal mode when interacting with the DR. In this radia-
tor, by producing two orthogonal modes, i.e. HEy

11δ and HEx
11δ,

isolation better than −25 dB was observed between the two
ports. The fractional bandwidth for Port-1 was found to be
17.8% (3.1–3.68 GHz), while Port-2 was discovered to be 18.4%
(3.1–3.7 GHz).

Zhang et al. presented a two-port MIMO radiator in 2019
[26]. In this rectangular DRA-based MIMO antenna, to increase
the isolation between two antenna elements, each DR has a
metallic tape fixed on the upper surface that shifts the cou-
pling field’s strongest portion away from the exciting slot; as
a result, the isolation of −24 dB was observed in the operat-
ing frequency band 27.5–28.35 GHz. The positioning of metallic
taps requires high precision, which leads to fabrication com-
plexity. Manzoor et al. proposed a two-port MIMO DRA in a
study conducted in 2022, with an operating frequency range of
4.73–5.1 GHz [27]. This MIMO structure utilized closed metal-
lic loops to minimize mutual coupling between radiators. For this
intent, the edges of DRA were encircled with a loop in the region
of the strong magnetic field. The measured isolation was found
to be −28 dB at the resonance frequency. However, this antenna
suffered a lower fractional bandwidth of only 3%. A quad-port
MIMO radiator working in the frequency range 4.48–4.60 and
4.98–5.04 GHz was proposed in 2022 by Upadhyaya et al. [28].
In this radiator, an orthogonal arrangement of antenna ele-
ments was utilized to reduce mutual coupling, resulting in an
isolation of −22.5 dB at 4.5 GHz and −24.98 dB at 5 GHz,
respectively. This antenna suffered poor band coverage in both
bands. In the other study in 2022, a two-port cylindrical
MIMO DRA was proposed by Mishra et al., which utilized a
wall equipped with a SRR between antenna elements for isola-
tion enhancement [29]. The radiator operated in the frequency
band 7.40–7.80 GHz and provided an isolation of −30 dB at
resonating frequency. This antenna again agonized fabrication
complexity.

In the proposed two-port radiator, coupling coefficient, band-
width, and isolation improvement have been provided by simul-
taneously combining arc-shaped DGS and interdigital-shaped

Figure 2. Fabricated antenna: (a) Top View, (b) Bottom View.

DGS. The proposed two-port radiator utilizes cylindrical-shaped
alumina ceramic as a radiating element. It is offset-fed with
a rectangular aperture to enhance the feedline and DRA cou-
pling. The measured operating band for Port-1 and Port-2 of
the proposed two-port radiator is found to be 5.19–6.7 and
5.15–6.68 GHz, whereas isolation between the antenna elements
is determined to be −35.5 dB at the frequency of resonance.
All the other parameters of the proposed MIMO radiator, like
gain, radiation pattern, and MIMO metrics like envelope corre-
lation coefficient (ECC), diversity gain (DG), mean effective gain
(MEG), total active reflection coefficient (TARC), and Channel
Capacity Loss (CCL) have been simulated and verified through
measurement and are found to be within optimal limits. The for-
mulation of the proposed antenna, antenna analysis, equivalent
circuit of the proposed antenna, experimental results, diversity
parameters, and conclusion have been depicted in the respective
sections.

Formulation of the proposed antenna

The proposed two-port radiator configuration consists of two
ceramic cylindrical dielectric resonators (CDR) made up of alu-
mina (εr = 9.8), mounted upon a FR-4 substrate (εr = 4.4).
The two resonators are energized with a microstrip feed line
through a rectangular slot and are offset-fed to enhance the
coupling between the alumina ceramic resonator and aper-
ture. The length of the feed line is obtained through optimiza-
tion. An interdigital-shaped and semicircular arc-shaped DGS
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Table 1. Dimensions of proposed two-port MIMO antenna

Parameter Value (mm) Parameter Value (mm)

SL = Sw 50 D 6.9

Hsub 1.6 HDRA 6.9

FL 28.8 Dw 1

Fw 3 Lstub 2.9

Lslot 6.5 AL 27.7

Wslot 3.1 AR 8

DL 8

Figure 3. Antenna-1 (stage-1).

enhances the isolation between two radiators and controls the
operating band. Figure 1 represents the proposed structure of
a two-port DRA. Figure 2 represents the fabricated two-port
MIMO radiator. The antenna dimensions have been depicted in
Table 1.

Antenna analysis

The proposed two-port radiator has been simulated and examined
using electromagnetic simulation software called HFSS. Stage-by-
stage analysis of the two-port radiator is illustrated in Figs. 3–11.
Initially, DRs were excited through the center-feed with the aid of
a rectangular aperture, which is named Antenna-1, as displayed
in Fig. 3. The frequency band was obtained 5.57–6.15 GHz having
a reflection coefficient −17 dB for Port-1 at the resonant fre-
quency of 5.84 GHz. This antenna suffered poor band coverage,
poor reflection coefficient, and poor isolation. In the next step, the
DRs were excited through the offset feeding technique as shown
in Fig. 4, and named Antenna-2. The reflection coefficient and
isolation were improved to −23.2 and −22.8 dB, respectively, cov-
ering the 5.65–6.28 GHz frequency range. The improvement in
the reflection coefficient was observed due to improved impedance
matching between the radiators and the feedline [30].The improve-
ment in isolation was observed due to a reduction in the surface
currents flowing in the adjacent radiators [31]. However, at this

Figure 4. Antenna-2 (stage-2).

stage, the antenna also does not cover the entire upper WLAN
band.

Next, a semicircular arc-shaped DGS was applied beneath the
two DRs named Antenna-3 and displayed in Fig. 5(a) to achieve
the desired operating band. The dimensions of the DGS were pre-
cisely estimated through a rigorous optimization process using the
powerful HFSS software.This antenna improvedWLANband cov-
erage and occupied the frequency band 5.07–6.10 GHz (desired
operating band). The reflection coefficient and isolation were also
enhanced to − 33 and − 31 dB, respectively, at the resonating
frequency of 5.48 GHz. A parametric analysis of its different
radii (AR = 2,4,6,8 mm) was conducted to determine the effects
on operating frequency and isolation. The scattering parameter
(S-parameter) and surface current distribution of the ground plane
(keeping Port-1 excited and Port-2 terminated) were plotted as
depicted in Fig. 5(b) and Fig. 5(c). From Fig. 5(b), it can be
observed that at AR = 8 mm, the antenna achieves the desired
operating band. In contrast, from Fig. 5(c), it can be analyzed that
the concentration of surface currents is more toward the periph-
ery of arc-shaped DGS (for AR = 8 mm) located beneath DR-1,
in comparison to the arc-shaped DGS beneath DR-2 leading to
improved isolation. The E-field distribution of the ground plane
for AR = 8 mm is also plotted for more confirmation, as pre-
sented in Fig. 6. In this case, high electric field concentrations are
observed at the periphery of the semicircular arc-shaped DGS.
The concentration of fields and surface currents at the periph-
ery of arc-shaped DGS relies on the area covered on the ground
plane. The wider the area of arc-shaped DGS, the more concen-
tration of fields and surface currents are at its periphery, which
means improved isolation. A similar condition was observed in
arc-shaped DGS (located on the right side) beneath DR-2 when
Port-2 is excited, and Port-1 is terminated. The area covered by
the semicircular arc-shaped DGS is also responsible for control-
ling the operating frequency span of the proclaimed antenna. The
desired operating band can be achieved by varying the area of the
DGS [32].The slotted area of theDGS signifies effective inductance
and is inversely proportional to effective capacitance. Enlarging
the DGS area results in increased effective inductance and a lower
operating frequency. Conversely, reducing the DGS area lowers
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Figure 5. Parametric analysis for various radii (AR) of arc-shaped DGS of Antenna-3(stage-3): (a) Structure, (b) Scattering parameters, and (c) Surface current distribution.

Figure 6. Simulated E-field distribution of ground plane at AR = 8 mm.

effective capacitance, leading to a higher resonant frequency [33].
In the next stage in Antenna-4, the interdigital-shaped DGS was
applied between the two DRs to improve isolation, as depicted
in Fig. 7(a). The operation of interdigital-shaped DGS is vali-
dated with the help of its equivalent circuit, as shown in Fig. 7(b)
[34]. The equivalent circuit of the proposed structure, illustrated
in Fig. 7(b), is a combination of the interdigital capacitance equiv-
alent circuit and the equivalent circuit of the DGS (represented
by inductance Lp). The series circuit CLs represents an equiva-
lent circuit of the interdigital capacitance. A parametric analysis
is conducted on various numbers (N = 5, 7, 10) of metal fingers,
finger length (DL), and spacing between fingers (DF)by keeping
the radius (AR = 8 mm) of the semicircular arc-shaped DGS
constant. It is found that for N = 5, improvements in isolation
compared to Antenna-3 are not observed at resonant frequency.
The Antenna-4 achieved isolation of −30.2 dB at resonant fre-
quency. On increasing the number of metal fingers (N = 7, 10),
an improvement in isolation is observed due to low surface cur-
rents amid the two radiators of the proposed antenna. Maximum
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Figure 7. Antenna-4 (stage-4): (a) Structure, (b) Equivalent circuit of interdigital-shaped DGS.

Figure 8. Proposed two-port antenna, Antenna-5 (stage-5.

isolation of −38 dB is obtained forN = 10 in the proposed antenna
(Antenna-5) depicted in Fig. 8, working within the frequency
spectrum of 5.07–6.08 GHz. For validation, S-parameters and sur-
face current distribution graphs are depicted in Fig. 9(a) and (b),
respectively.

Further, by varying finger length, it is found that the reso-
nant frequency and isolation are also altered. The shift in the
resonant frequency is observed due to variation of capacitance “C”,
and variation in isolation is due to increment/decrement of the
path length of surface current flowing between two radiators. An
increased path length provides improved isolation between two
radiators. S-parameters and surface current distribution graphs
are rendered in Fig. 10(a) and (b) to further validate the effect
of finger length on different finger lengths. The graphs confirm
that for DL = 8 mm, the desired result (isolation of −38 dB) is
obtained.

The final analysis is done on the variation of spacing between
fingers (DF). Variation in the spacing between fingers also alters
the surface current path length. For DF = 3 mm (value in pro-
posed antenna −5), the desired isolation of −38 dB is obtained.
However, there is no influence on the operating frequency of the
proposed antenna by varying spacing between the fingers. For

validation, the S-parameters plot and surface current distribution
graphs are rendered in Fig. 11(a) and (b). Hence, from the analysis
elaborated above, it is confirmed that the combination of semicir-
cular arc-shaped DGS and interdigital-shaped DGS provides the
desired operating band for the upper band of WLAN and good
isolation.

The graphical representation in Fig. 12 illustrates the reflec-
tion coefficient (|S11|), isolation (|S12|) for Port-1 of all anten-
nas (Antenna-1 to Antenna-5) and their impedances. The sim-
ulated S-parameters and impedance of the designed radiator
have been presented in Fig. 13(a) and Fig. 13(b) respectively.
The reflection coefficients of Port-1 and Port-2 are determined
to be −37.1 and − 34.1 dB, covering the frequency band of
5.07–6.08 and 5.06–6.07 GHz, respectively. The impedance of
the antenna was found to be close to 50 Ω. The E-field distri-
bution of Port-1 and Port-2 of the proposed two-port radiator
at resonant frequencies 5.46 and 5.43 GHz is demonstrated in
Fig. 14(a) and (b) in XY- and YZ- plane, respectively. It can be
observed that HE11δ mode is excited for Port-1 and Port-2 in the
proposed two-port radiator. The resonance frequency of the CDR
antenna for HE11δ mode is computed using the equations (1–3)
[35, 36].

fr = 6.321v
2𝜋X√𝜀r,eff + 2

[0.27 + 0.36( X
2HE

) + 0.02( X
2HE

)
2
]

(1)

In the case of the CDR antenna, the speed of light is depicted
by v, the effective relative permittivity is represented by 𝜀r, eff , the
radius is demonstrated by “X”, (X = D/2), and the equivalent
height HE of the proposed two-port radiator is assessed as per
Ref. [35]:

𝜀r, eff = HE
HDRA

𝜀alumina
+ Hsub

𝜀sub

(2)

and

HE=HDRA + Hsub (3)

The computed resonant frequency (theoretical) is determined
to be 5.8 GHz while the simulated is observed to be 5.84 GHz
(Antenna-1). The computed and simulated frequencies of reso-
nance are observed to be in close contiguity.
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Figure 9. Simulation analysis for various numbers (N) of metal fingers: (a) Scattering parameters, (b) Surface current distribution.

Figure 10. Simulation analysis for various finger lengths (DL): (a) Scattering parameters, (b) Surface current distribution.

Figure 11. Simulation analysis for various finger spacing (DF): (a) Scattering parameters, (b) Surface current distribution.
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Figure 12. Simulation analysis of Antenna-1 to Antenna-5: (a) Reflection coefficient, (b) Isolation, and (c) Impedance.

Figure 13. Simulated antenna parameters of the proposed two-port radiator (Antenna-5): (a) Scattering parameter and (b) Impedance.
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Figure 14. E-field distribution of proposed two-port radiator (a) Port-1at 5.46 GHz and (b) Port-2 at 5.43 GHz.

Table 2. Calculated values of equivalent circuit elements

Prameters of equivalent circuit model

X1 = X4 =0.8 X2 = X5 =1.2 X3 = X6 =0.7 L1 = L7 =0.5 nH L2 = L6 =1.32 nH

L4 = L8 =0.21 nH L5 = L9 = 0.3 nH Ls =24 nH Lp =22 nH C =1 pF

C2 = C5 =1.2 pF C3 = C7 =1 pF C4 = C8 =0.3 pF R1 = R4 =10 Ω R2 = R5 =50 Ω

L3 = L10 =1.59 nH C1 = C6 =8.71 pF R3 = R6 =50 Ω

Figure 15. Equivalent circuit model of two-port radiator.

Equivalent circuit of proposed antenna

The equivalent circuit model with calculated RLC parameters
(Table 2) is depicted in Fig. 15 to validate the scattering parameter
response of the proclaimed two-port antenna. The rectangular
aperture and arc-shaped DGS beneath the DR consist of an RLC
circuit. The rectangular aperture interfaces with a microstrip
transmission line and CDR through an impedance transformer.
The coupling between arc-shaped DGS and DR is done via an LC
circuit.

Experimental results

The circuit model for interdigital DGS utilized for isolation
enhancement is depicted by inductors “Lp” and “Ls” and
capacitor “C”. The S-parameters extracted from the equiva-
lent circuit have been compared with S parameters obtained
through HFSS, and the parameters obtained from the mea-
surement are rendered in the “Experimental results” section.

The extracted S-parameters from the equivalent circuit of the
antenna are compared with the simulated S-parameters (using
HFSS) and experimentally observed S-parameters whose plots
are depicted in Fig. 16(a–c). Scattering parameter measurement
is performed using Keysight N9917A Fieldfox Vector Network
Analyzer (VNA), presented in Fig. 17. Table 3 demonstrates
the distinction between the simulated, circuit model, and mea-
sured input parameters. Figure 16(a) and (b) and Table 3 reveal
that the simulated fractional bandwidth for Port-1 is 18.11% and
for Port-2 is 18.14%. The circuit model indicates a bandwidth of
18.16% for Port-1 and 18.52% for Port-2, while themeasured band-
widths are 25.40% and 25.87% for Port-1 and Port-2, respectively.
The isolation (mutual coupling) obtained through simulation, cir-
cuit modelling, and measurement, as rendered in Fig. 16(c), are
observed to be −38, −39.27, and −35.5 dB, respectively. The sim-
ulated S-parameters and S-parameters extracted from the equiv-
alent circuit mentioned in Fig. 15 are found close to each other
with slight variation, possibly due to distinct mathematical tech-
niques utilized by HFSS and circuit modeling software [37]. The
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Figure 16. Comparison between simulated (using HFSS), circuit model, and experimental S-parameters of the proposed two-port radiator: (a) S11, (b) S22, and (c) S12.

Figure 17. Experimental setup for measurement of S-parameters of the proposed
two-port radiator: (a) Reflection coefficient (S11) and (b) Isolation. The radiation
efficiency of the proposed two-port radiator (Antenna-5) exceeded 93% for both
Port-1 and Port-2, respectively. The gain and radiation pattern measurements were
conducted in an automatic anechoic chamber, as illustrated in Figure 20.

distinctness in experimental S-parameters is also noticed, which
may be due to the adhesive used to mount DRA on the sub-
strate and other fabrication discrepancies. By applying an adhe-
sive material, a thin dielectric layer is introduced between the
substrate and the CDR. This arrangement results in a reduc-
tion of the effective permittivity within the proposed structure.
Consequently, the quality factor decreases while the bandwidth
experiences an improvement, as evidenced by themeasured results
[38]. Figure 18(a) and (b) depicts the comparison amidst the
simulated and experimentally observed far-field radiation pat-
terns regarding the E-plane and H-plane for Port-1 and Port-2,
respectively.

It is noticeable that in the broadside direction, i.e. (θ = 0,
ϕ = 0), the antenna shows maximum radiation, and the cross-
polarization is found below co-polarization for both the ports
below −25 dB, which is required for any low loss MIMO radi-
ator. Close consistency was noticed amidst the simulated and
measured radiation patterns for both ports. In Fig. 19, the com-
parison between the simulated and measured gain plots for Port-1
is depicted, and they were found to be close to each other.Themea-
sured gain for Port-1 at resonant frequency was found to be 5.5 dB.
The comparison between simulated and measured gain for Port-
2 has not been incorporated due to its identical nature to that of
Port-1.
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Table 3. Comparative analysis between simulated (using HFSS), circuit model, and measured input parameters

Simulated (HFSS) Circuit model Measured

Parameters Port-1 Port-2 Port-1 Port-2 Port-1 Port-2

Reflection coefficient (dB) −37.1 −34.1 −45 −45 −18.64 −24.4

Resonant frequency (GHz) 5.46 5.43 5.5 5.5 5.58 5.6

Isolation (dB) −38 – −39.27 – −35.5 –

Fractional bandwidth (%) 18.11 18.14 18.18 18.52 25.40 25.87

Figure 18. Comparison between simulated and measured radiation pattern: (a) Port-1 at 5.58 GHz and (b) Port-2 at 5.6 GHz.
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Figure 19. Comparison between simulated and measured Gain.

Figure 20. Far-field measurement setup (for radiation pattern and gain): (a) Block
diagram (b) Anechoic chamber.

The block diagram to measure the far-field gain and radiation
patterns is illustrated in Fig. 20(a). The gain measurement of the
proposed antenna utilizes the gain-comparison method, requiring
a reference antenna with a known gain and a horn antenna whose
gain is not known. These measurements are managed by software
on a PC, with the computer transmitting synchronization pulses
via Ethernet to the VNA at the start of each procedure. The anten-
nas must be coaxially aligned. The positioner aligns the antennas
by adjusting the antenna under test’s (AUT’s) height, azimuth, and
elevation for maximum received power, computed using the Friis

transmission equation [39]. For far-field radiation pattern mea-
surement, the horn antenna andAUT are placed in the chamber for
line-of-sight communication, with absorbers mitigating reflected
EM radiation. The AUT rotates through azimuth, elevation, and
polarization axes using a position controller.The horn antenna is
energized by a VNA, causing it to radiate, while the AUT receives
these signals in S21 mode, interfaced with the VNA which extracts
the results and feeds them to PC software to plot the far-field
patterns.Measurement precision is affected by system interconnec-
tions and RF cable movement, while accuracy depends on motor
movements, probe influence, and RF connectors. All measuring
instruments are calibrated before antenna measurement to mini-
mize errors. Figure 20(b) shows the physical arrangement within
an automatic anechoic chamber for experimental assessment of
radiation patterns and gain.

Diversity parameters of MIMO antenna

ECC, DG, MEG, TARC, and CCL are the metrics to determine
the diversity performance of the proposed two-port radiator [3].
The level of field correlation among the various antenna elements
in the MIMO radiator is determined by the ECC performance
parameter, which is a crucial diversity performance parameter. It
illustrates how the radiation patterns of the individual radiator
elements would affect each other when all the ports are operated
concurrently. ECC can be estimated using scattering parameters
and far-field patterns.TheMIMO antenna having higher radiation
efficiency (∼90%) is estimated using scattering parameters, and
those having lower radiation efficiency are calculated using the far-
field method. Equations (4) and (5) present an estimation of ECC
for a dual port MIMO radiator using scattering parameters and
the far-field method [40]. The proposed two-port radiator attains
high radiation efficiency (>93%) within the band of interest, so
equation (4) can be utilized to calculate ECC for the proposed
two-port radiator. ECC should be less than 0.5 in any MIMO
radiator.

ECC = |𝜚12|2∣
|S12*S12 + S21*S22|

|(1 − |S11|
2 − |S21|

2) (1 − |S22|
2 − |S12|

2) |1/2
∣
2

(4)

ECCF =
∣∬

4𝜋 [Ai (𝜃, 𝜑)* Aj (𝜃, 𝜑) d𝜔]∣
2

∬
4𝜋|Ai (𝜃, 𝜑)|2∬

4𝜋∣Aj (𝜃, 𝜑)∣2d𝜔
(5)

Figure 21 represents the comparative analysis of the simu-
lated and experimentally observed ECC for the proposed two-port
radiator. The simulated and experimentally observed ECC are
found within optimal limits. DG, a crucial parameter, refers to the
enhancement in signal-to-noise ratio observed inmultiple antenna
systems when compared to single antenna systems. For theMIMO
antenna design, a high DG value is imperative, nearly 10 dB in the
operational bandwidth, to ensure good reliability and performance
[3]. Equation (6) is adapted to estimate the DG of the proposed
two-port radiator [3].

DG = 10√1 − ECC2 (6)

A comparison between the simulated and measured DG is
depicted in Fig. 22, and it can be seen that the simulated and mea-
sured DGs are similar to each other within the band of operation.
MEG serves as another significant diversity parameter.
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Figure 21. Comparison between simulated and measured ECC.

Figure 22. Comparison between simulated and measured DG.

It is a metric utilized to compare the power captured by a diver-
sity radiator in a fading environment with the power received by
an isotropic radiator. Suppose the statistical environment is homo-
geneous with equal vertical and horizontal polarization power
densities. MEG corresponds to half of the radiation efficiencies
[23]. For the ith port MIMO antenna, MEG is estimated using
equation (7) as reported in Ref. [23].

MEGi = 0.5[1 −
N

∑
j=1

|Sij|2 ] (7)

MEG-1 and MEG-2 are the mean effective gain of the two-port
MIMO antenna. The ratio of MEG-1 to MEG-2 (MEG-1/MEG2)
for a decent MIMO antenna system with the same power level
should be ≤3 dB. For better performance, the difference should
be between 0 and −3 dB [3, 23]. A comparison between simulated
and measured MEG is reported in Fig. 23. It is observed that the
measured MEG is close to the simulated MEG within the band
of operation. Another important diversity parameter is the CCL.
CCL is of significant importance as a diversity performance met-
ric, signifying the maximum achievable message transmission rate
for delivering a signal repeatedly through a communications sys-

Figure 23. Comparison between simulated and measured MEG.

Figure 24. Comparison between simulated and measured CCL.

tem. The following formula (equation 8) can be used to compute
it [41]:

CCL = −log2 det(
𝛽11 𝛽12

𝛽21 𝛽22
)

𝛽11 = (1 − (|S11 |2 + |S12|
2)

𝛽22 = (1 − (|S22 |2 + |S21|
2)

𝛽 21 = − (S*22S21 + S*12S21)

(8)

The highest permissible limit for CCL is 0.4 bits/s/Hz for any
MIMO antenna structure. A comparison between simulated and
experimentally observedCCL curves has been presented in Fig. 24.
It is found that both simulated and measured values of CCL are
within optimal limits. However, some variations exist among sim-
ulated and experimentally observed values because of fabrication
and measurement tolerances, as discussed in the “Experimental
results” section. Another crucial MIMO performance metric for
accurately describing theMIMO radiator is TARC. TARC is a tech-
nique for a two-port radiator that compresses all the data from
the S-parameters into a single curve.The two-port MIMO antenna
system’s resonant frequency and impedance bandwidth are thus
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Figure 25. Comparison between simulated and measured TARC: (a) Simulated (b) Measured.

Table 4. Comparative analysis between proposed work and existing work available in the literature

Ref. no

Antenna
dimension
(mm3) Isolation technique

Isolation (dB)
at resonant
frequency

Frequency
range (GHz)

%
Bandwidth
(fractional) ECC DG(dB)

Fabrication
complexity

[23] 90 × 90 × 25.6 Excitation of orthogonal
modes

−18 1.69–1.96 7.3 <0.02 9.9 Complex

[24] 50 × 50 × 9.6 Excitation of orthogonal
modes

−32 4.9–5.5 11.5 – – Easy

[25] 50 × 50 × 14.6 Excitation of
orthogonal modes −25 3.1−3.68

(Port-1)
17.818.4 – – Easy

3.1−3.70
(Port-2)

[26] 20 × 20 × 2.794 Metal strip printed on DRA −24 27.5–28.35 3 0.013 9.9 Complex

[27] 120 × 70 × 9.67 Metal strip printed on DRA −28 4.73–5.1 7.52 <0.05 >9.8 Complex

[28] 120 × 70 × 9.67 Orthogonal feeding −22.5 4.48–4.60 2.64 0.037 9.99 Moderate

4.98–5.04 1.2

[29] 60 × 60 × 5.787 Use of split-ring resonator
loaded on a vertical substrate

−30 7.4–7.8 5.26 – – Complex

Proposed
work

50 × 50 × 8.5 Use of interdigital + semi-
circular arc-shaped
DGS

−35.5 5.19–6.7
(Port-1)
5.15–6.68
(Port-2)

25.4
25.87

<0.0004 10 Easy

calculated using a single TARC curve. TARC can be calculated
using equation (9) for a dual port MIMO radiator [3, 41].

TARC(Γt
a) = √((|S11 + S12e j𝜃|2) + (|S21 + S22e j𝜃|2))

2 (9)

where S12 is the isolation amidst the two ports, S11 and S22 are
the reflection coefficients of Port-1 and Port-2 of the antenna
framework, and θ is the phase angle of the input feed.

Figure 25(a) and Fig. 25(b) illustrate the TARC curves for
the proposed two-port radiator setup. Figure 25(a) shows the

simulated TARC, while Fig. 25(b) presents the measured TARC
plot. A variation in the simulated and measured TARC plots is
observed.This may be due to the fabrication tolerances of the pro-
posed prototype two-port radiator. The phase angle of the input
feed varies between 0∘ and 180∘ with an interval of 30∘ to deter-
mine the resonating behavior of the proposed radiator. It can be
observed in Fig. 25 that, regardless of the phase angle of the input
feed, the effective impedance and resonant peak bandwidth remain
constant. A comparative analysis between the proposed work and
existingMIMOantennas available in literature in terms of isolation
technique, isolation, operating band, ECC, DG, and fabrication
complexity has been reported in Table 4.
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Conclusion

An aperture coupled offset fed DR-based two-port MIMO
antenna, utilizing a combination of arc and interdigital-shaped
line DGS for isolation and bandwidth enhancement, has been
illustrated in this letter. For the proposed two-port radiator, the
frequency band of interest is determined to be 5.19–6.7 and
5.15–6.68 GHz for Port-1 and Port-2, respectively. The isolation
between the radiators is obtained to be −35.5 dB. It demonstrates
remarkable ECC and DG within the operational band. Other
MIMO diversity parameters, such as MEG, TARC, and CCL, have
been computed and determined to be within permissible limits.
The simulated and measured results exhibit a high degree of
agreement, showing only slight deviations. The antenna is helpful
for WLAN andWiMAX applications.
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